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BACKGROUND OF THE INVENTION 

The technical field of this invention is that of nondestructive materials 
,5 characterization, particularly quantitative, model-based characterization of surface, 
near-surface, and bulk material condition for flat and curved parts or components using 
eddy-current sensors. Characterization of bulk material condition includes (1) 
_ment of changes in material state caused by fatigue damage, creep damage, 
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thermal exposure, or plastic deformation; (2) assessment of residual stresses and apphed 
loads; and (3) assessment of processing-related conditions, for example from shot 
peening, roll burnishing, thermal-spray coating, or heat treatment. It also includes 
measurements characterizing material, such as alloy type, and material states, such as 
5 porosity and temperature. Characterization of surface and near-surface conditions 
includes measurements of surface roughness, displacement or changes in relative 
position, coating thickness, and coating condition. Each of these also includes detection 
of electromagnetic property changes associated with single or multiple cracks. Spat.ally 
periodic field eddy-current sensors have been used to measure foil thickness, 
10 characterize coatings, and measure porosity, as well as to measure property profiles as a 
function of depth into apart, as disclosed in U.S. Pat. Nos. 5^15,951 and 5,453,689. 

Conventional eddy-current sensing involves the excitation of a conducting 
winding, the primary, with an electric current source of prescribed frequency. This 
produces a time-varying magnetic field at the same frequency, which in turn is detected 
15 with a sensing winding, the secondary. The spatial distribution of the magnetic field 
and the field measured by the secondary is influenced by the proximity and physical 
properties (electrical conductivity and magnetic permeability) of nearby materials. 
When the sensor is intentionally placed in close proximity to a test material, the 
physical properties of the material can be deduced from measurements of the impedance 
20 between the primary and secondary windings. Traditionally, scanning of eddy-current 
sensors across the material surface is then used to detect flaws, such as cracks. 

For the inspection of structural members in an aircraft, power plant, etc., it is 
desirable to detect and monitor material damage, crack initiation and crack growth due 
to fatigue, creep, stress corrosion cracking, etc. in the earliest stages possible in order to 
25 verify the integrity of the structure. This is particularly critical for aging aircraft, where 
military and commercial aircraft are being flown well beyond their original design lives. 
This requires increased inspection, maintenance, and repair of aircraft components, 
which also leads to escalating costs. For example, the useful life of the current 
inventory of aircraft in the U.S. Air Force (e.g., T-38, F-16, C-130E/H, A-10, 
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AC/RC/KC-135, U-2, E-3, B-1B, B-52H) is being extended an additional 25 years at 
least [Air Force Association, 1997, Committee, 1997], Similar inspection capability 
requirements also apply to the lifetime extension of engine components [Goldfme, 
1998]. 

5 Safely supporting life extension for structures requires both rapid and cost 

effective inspection capabilities. The necessary inspection capabilities include rapid 
mapping of fatigue damage and hidden corrosion over wide areas, reduced requirements 
for calibration and field standards, monitoring of difficult-to-access locations without 
disassembly, continuous on-line monitoring for crack initiation and growth, detection of 
10 cracks beneath multiple layers of material (e.g., second layer crack detection), and 
earlier detection of cracks beneath fastener heads with fewer false alarms. In general, 
each inspection capability requires a different sensor configuration. 

The use of eddy-current sensors for inspection of critical locations is an integral 
component of the damage tolerance and retirement for cause methods used for 
1 5 commercial and military aircraft. The acceptance and successful implementation of 
these methods over the last three decades has enabled life extension and safer operahon 
for numerous aircraft. The corresponding accumulation of fatigue damage in critical 
structural members of these aging aircraft, however, is an increasingly complex and 
continuing high priority problem. Many components that were originally designed to 
20 last the design life of the aircraft without experiencing cracking (i.e., safe life 

components) are now failing in service, both because aircraft remain in service beyond 
original design life and, for military aircraft, because expanded mission requirements 
expose structures to unanticipated loading scenarios. New life extension programs and 
recommended repair and replacement activities are often excessively burdensome 
25 because of limitations in technology available today for fatigue detection and 

assessment. Managers of the Aircraft Structural Integrity Program (ASIP) are often 
faced with difficult decisions to either replace components on a fleet-wide basis or 
introduce costly inspection programs. 
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Furthermore, there is growing evidence that (1) multiple site damage or multiple 
element damage may compromise fail safety in older aircraft, and (2) significant fatigue 
damage, with subsequent formation of cracks, may occur at locations not considered 
critical in original fatigue evaluations. In application of damage tolerance, inspection 
5 schedules are often overly conservative because of limitations in fatigue detection 
capability for early stage damage. Even so, limited inspection reliability has led to 
numerous commercial and military component failures. 

A better understanding of crack initiation and short crack growth behavior also 
affects both the formulation of damage tolerance methodologies and design 
10 modifications on new aircraft and aging aircraft. For safe-life components, designed to 
last the life of the aircraft, no inspection requirements are typically planned for the first 
design life. Life extension programs have introduced requirements to inspect these 
"safe-life" components in service since they are now operating beyond the original 
design life. However, there are also numerous examples of components originally 
15 designed on a safe-life basis that have failed prior to or near their originally specified 
design life on both military and commercial aircraft. 

For safe-life components that must now be managed by damage tolerance 
methods, periodic inspections are generally far more costly than for components 
originally designed with planned inspections. Often the highest cost is associated with 
20 disassembly and surface preparation. Additionally, readiness of the fleet is directly 
limited by time out of service and reduced mission envelopes as aircraft age and 
inspection requirements become more burdensome. Furthermore, the later an inspection 
uncovers fatigue damage the more costly and extensive the repair, or the more likely 
replacement is required. Thus, inspection of these locations without disassembly and 
25 surface preparation is of significant advantage; also, the capability to detect fatigue 
damage at early stages can provide alternatives for component repair (such as minimal 
material removal and shotpeening) that will permit life extension at a lower cost than 
current practice. 
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I„ general, fatigue damage in metals progresses through distinct stages. These 
stages can be characterized as follows [S. Suresh, 1998]: (1) substructure and 
^structural changes which cause nucleate of permanent damage, (2) create of 
mi croscopic cracks, (3) growth and coalescence of these microscopic flaws to form 
5 'dominant' cracks, (4) stable propagation of the dominant macrocrack, and (5) structural 

instability or complete fracture. 

Although there are differences of opinion within the fatigue analysis community, 
Suresh defines the third stage as the demarcation between crack initiate and 
propagate. Thus, the first two of the above stages and at leas, the initial phase of 
10 Stage 3 are generally thought of, from a practical engineering perspectrve, as the crack 
initiation phase. 

In Stage 1 , mixoplastic strains develop at the surface even at nominal stresses in 
the elastic range. Plastic deformation is associated with movement of linear defects 
known as dislocates. In a given load cycle, a microscopic step can form at the surface 
,5 as a result of localized slip forming a "slip line" These slip lines appear as paralle! lines 
or bands commonly called "persistent slip bands" (PSBs). Slip band intrusions become 
stress concentration sites where microcracks can develop. 

Historically, X-ray diffraction and electrical resistivity are among the few 
nondestructive methods that have been explored for detection of fatigue damage in the 
20 initiation stages. X-ray diffraction methods for detection of fatigue damage pnor to 
microcracking have been investigated since the 1930's [Regler, 1937; Regler, 1939] . 
,„ these tests, fatigue damage was found to be related to diffraction line broadening. 
More recently Taira [1966], Kramer [1974] and Weiss and Oshida [1984] have further 
developed the X-ray diffraction method. They proposed a self-referencing system for 
25 characterization of damage, namely the ratio of dislocation densities as measured 150 
micrometers below the surface to that measured 10-50 micrometers below the surface. 
The data obtained to date suggest that in high strength aluminum alloys the probability 
of fatigue failure is zero for dislocate density ratios of 0.6 or below. However, it ,s 
generally impractical to make such measurements in the field. 
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Electrical resistivity also provides a potential indication of cumulative fatigue 
damage. This is supported by theory, since an increase in dislocation density results in 
an increase in electrical resistivity. Estimates suggest that, in the case of aluminum, 
depending on the increase in the density of dislocations in the fatigue-damage zone, the 
5 resistivity in the fatigue-affected region may increase by up to 1% prior to formation of 
microcracks. These estimates are based on dislocation densities in the fatigue-damage 
zone up to between 2(10" cm 2 to 10" cm 2 and a resistivity factor of 3.3(10" ((cm' 
[Friedel, 1964]. 

SUMMARY OF THE INVENTION 

10 Aspects of the inventions described herein involve novel inductive sensors for 

the measurement of the near surface properties of conducting and magnetic materials. 
These sensors use novel winding geometries that promote accurate modeling of the 
response, eliminate many of the undesired behav.or in the response of the sensing 
elements in existing sensors, provide increased depth of sensitivity by eliminating the 

1 5 coupling of spatial magnetic Seld modes that do not penetrate deep into the matenal 
under test (MUT), and provide enhanced sensitivity for crack detection, localizator 
crack orientation, and length characterization. The focus is specifically on material 
characterization and also the detection and monitoring of precrack fatigue damage, as 
well as detection and monitoring of cracks, and other material degradation from testing 

20 or service exposure. 

Methods are described for forming eddy current sensors having primary 
windings for imposing a spatially periodic magnetic field into a test material. In one 
embodiment, the primary winding incorporates parallel extended winding segments 
formed by adjacent extended portions of individual drive coils. The drive coils are 

25 configured so that the current passing through adjacent extended winding segments is m 
a common direction and a spatially periodic magnetic field is imposed in the MUT. In 
another embodiment a single meandering conductor having extended portions in one 
plane is connected in series to another meandering conductor in a second plane. The 
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conducting meanders are spatially offset from one another so that the current passing 
through adjacent extended winding segments is again in a common direction. 

For sensing the response of the MUT to the periodic magnetic field, sensing 
elements are located within the primary winding. In one embodiment, the sensing 
5 elements have extended portions parallel to the extended portions of the primary 
winding and link incremental areas of magnetic flux within each half meander. The 
sensing elements in every other half-wavelength are connected together in series while 
the sensing elements in adjacent half wavelengths are spatially offset, parallel to the 
extended portions of the primary. The sensor can be scanned across the surface of the 
10 MUT to detect flaws or the sensor can be mounted on a part for detecting and 

determining the location of a flaw. Preferably, the longest dimension of the flaw will be 
substantially perpendicular to the extended portions of the primary winding. 

Methods are also described for forming circular eddy current sensors having 
primary windings for imposing a spatially periodic magnetic field into a test material. 
15 The spatial pattern can be created from a plurality of concentric circular segments, 
where current flow through these segments creates a substantially circularly symmetric 
magnetic field that is periodic in the radial direction. The response of the MUT to the 
magnetic field is detected with one or more sensing elements placed between each 
concentric loop. 

20 The extended portions of each sensing element are concentric with the 

concentric circular segments of the primary winding. The sensing elements may also be 
in a different plane than the primary winding. These windings may also form a 
substantially closed loop other than as a circle to follow a contour in the material under 
test. 

25 The sensing elements can be distributed throughout the primary winding 

meanders. In one embodiment, a single sensing element is placed within each half 
wavelength of the primary winding. Separate output connections can be made to each 
sensing element, to create a sensor array. The sensing elements can be connected 
together to provide common output signals. In another embodiment, the sensing 
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elements can link areas of incremental flux along the circumference of the pnmary 
winding segments. The sensing elements can have the same angular dimens.ons and, m 
every other half wavelength can be connected together in series to provide a common 
output. These are examples of circular spatially periodic field eddy-current sensors. 
5 These circular sensors can be used in either a surface mounted or scanning mode. 

Another embodiment of an imaging sensor includes a primary winding of 
parallel extended winding segments that impose a spatially periodic magnetic field, with 
at least two periods, in a test substrate when driven by electric current. The array of 
sensing windings for sensing the response of the MOT includes at least two of the 
10 sensing windings in different half-wavelengths of the primary winding. These sensmg 
windings link incremental areas of the magnetic flux and are offset along the length of 
the parallel winding segment to provide material response measurements over Afferent 
locations when the circuit is scanned over the test material in a direction perpendrcular 
«„ the extended winding segments. To minimize unmodeled effects on the response, 
1 5 extra conductors can be placed at the ends of the sensing elements and within the 
endmost primary winding meanders, and the sensing elements can be spaced at least a 
half-wavelength fiom the ends of the primary winding. In addition the distance from 
the sensing elements to the ends of the primary winding can be kept constant as the 
offset spacing between sensing elements within a single meander is varied. 
20 An image of the material properties can be obtained when scanning the sensor m 

a direction perpendicular to the extended portions of the primary winding. The sensing 
elements can provide absolute or differential responses, which can provide a difference 
in MUT properties parallel to, perpendicular to, or at an intermediate angle to the 
extended portions of the primary winding. 
25 The spatially periodic sensors can be fabricated onto flexible, conformable 

substrates for the inspection of curved parts. Alternatively, the sensors can be mounted 
on hard flat or curved substrates for non-contact scanning. Protective or sacnfical 
coatings can also be used to cover the sensor. 
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The sensors car. be mounted against article surfaces for the detection of Haws. 
The nommal operating point can be varied to calibrate the sensor or provide addittonal 
information for the property measurement. For example, the sensor lift-off, the MUT 
temperature, and the MUT permeability can be varied. Measurement grids or databases 
5 can be used to determine the electrical and geometric properties of interest at the 
location measured by each sensing element. The electrical or geometric propert.es can 
also be correlated to other properties of interest for the MUT, such as crack srze or 
depth. Multiple frequency measurements can also be performed to determme property 
variations with depth from the surface of the MUT. 
,0 In one embodtment, damage near fasteners can be monitored with spatially 

periodic field eddy-current sensors. The sensor should be mounted near the fastener so 
that damage in the MUT can be detected through changes in the electrical properties 
measured with the sensor. The sensor ca* be mounted beneath the fastener head, 
between structural layers attached by the fastener, or at both ends of the fastener. The 
15 damage may be in the form of a crack. Circular spatially periodic sensors havmg 
hollow center regions can surround fasteners to detect and locate damage that may 
emanate radially. Mounted on, orwtthin a cylindrical support materia, in the form of a 
washer facilitates mounting under a fastener head. The support matenal may also 
support compressive loads. The damage from nearby fasteners can be momtored 
20 simuhaneousfy with multiple sensors. Each sensor can have a single, absolute output, 
or pairs of sensor responses can be used to provide differential responses. Smularly, for 
multiple sensors, the drive conductors may be connected with a common drive s,gnal or 
the sense conductors may be connected together for a common output connection. 

Methods are also described for creating databases of measurement responses for 
25 multiple layer sensors and using these databases for converting sensor responses into 
properties of the MUT. The responses can be determined from analytical, fimte 

difference, or finite element models. 

Capabilities for monitoring fatigue damage as it occurs on test articles also 
provide novel methods for fabricating fatigue standards. Attaching an electromagnetic 
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sensor that provides an absolute measurement of the electrical properties dunng 
mechanical .oading or fatigue testing allows the material condition to be monitored as 
,he damage occurs. Monitoring of the changes in the eiectrica. properties then allow for 
the load to be removed at presenbed .eve.s of damage. The damage can take the form 
5 of a fatigue crack or pre-crack damage. Once the crack has formed, the sensor can be 
US ed to monitor the change in crack length with the number of fatigue cycles. Mu.U P .e 
frequency measurements can provide a measure of crack depth. These changes m 
material properties can be monitored with multipie sensors to cover several inspection 
areas and create spatial images of the damage. In one embodrmen, the sensor ,s a 
,0 spatially periodic field eddy current sensor and the MUT is a metal. Alternatively, the 
sensor could be a dielectrometer and the MUT a dielectric material or compete. In 
another embodiment cither eddy current sensors or dielectrome.ers can be mounted 

under patches or bonded repairs. 

For the fabrication of fatigue standards, the geometry of the fatigue artrcles can 
,5 be altered to shape the stress distribution so that the fatigue damage initiates underneath 
the sensor. This can be accompHshed by thinning the center section of typical dogbone 
specimens, by providing reinforcement nbs on the edges of the specimen to prevent 
edge cracks from forming, and by provrding radius cutouts on the sides of the thmned 
center section. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The foregomg and other objects, features and advantages of the invention w,ll be 
apparent from the following more particular description of preferred embodrments of 
the invention, as illustrated in the accompanying drawmgs in winch like reference 

25 necessarilytoscale.emphasisinsteadberngp.aceduponillusttating.heprinciplesofthe 

invention. 

FIG 1 is a plan view of a Meandering Winding Magnetometer sensor. 
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FIG 2 is an illustration of the MWM measured conductivity dependence on the 
percent of total fatigue life for Type 304 stainless steel and aluminum alloy 2024. 

FIG 3 shows MWM measurement scans along aluminum alloy 2024 hour-glass 
specimens before and after fatigue testing to various percentages of total fatigue life. 

FIG 4 is an illustration of two-dimensional MWM measured absolute 
conductivity scans along the surface of a aluminum alloy 2024 bending fatigue coupon 
with extended portions of the windings (a) perpendicular to macrocrack orientation (i.e., 
perpendicular to the bending moment axis) and (b) parallel to macrocrack orientation. 

FIG 5 is an illustration of two-dimensional MWM measured absolute 
conductivity scans along the surface of a military aircraft component with windings 
oriented (a) perpendicular and (b) parallel to the bending moment axis. 

FIG 6 shows scans of bi-directional magnetic permeability along two austenitic 
stainless steel specimens. One specimen was not fatigue tested and the other specimen 
was fatigue tested. 

FIG 7 is an illustration of multiple frequency measurements on a Boeing 737 
fuselage as the MWM is scanned (a) horizontally above the lap joint but beneath the 
passenger windows and (b) vertically from a window to the lap joint. 

FIG 8 is (a) a plan view of a sensing element and MWM-Array with one 
meandering primary winding and an array of secondary sensing elements with 
connections to each individual element and (b) an expanded view of the sensor 
windings. 

FIG 9 shows an illustration of six MWM-Arrays mounted inside and on the 

surface of a fatigue test coupon. 

FIG 1 0 shows an MWM-Array mounted inside a fatigue test coupon. 
FIG 1 1 shows an example of the MWM measured conductivity variation with 
fatigue level. 

FIG 12 shows an example of the MWM measured lift-off variation with fatigue 

level. 
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FIG 13 shows an example of the MWM measured conductivity variation with 

early stage fatigue damage. 

FIG 14 shows the MWM measured conductivity variation with fatigue cycles for 

specimens (a) #5, (b) #34, and (c) #32. 
5 FIG 1 5 shows the MWM measured conductivity variation with sensing element 

position for specimens (a) #5, (b) #34, and (c) #32. 

FIG 16 shows an illustration of an algorithm for detection of the onset of fatigue 
damage using a surface mounted eddy-current sensor. 

FIG 17 illustrates the relationship between the MWM measured conductivity 
1 0 changes and crack length estimated from SEM. 

FIG 18 shows an engineering drawing for a fatigue specimen having a reduced 
thickness center section and reinforcement ribs on the sides. 

FIG 19 shows an engineering drawing for a fatigue specimen having a reduced 
thickness center section and symmetrical radius cutouts on both sides of the reduced 

15 thickness area. 

FIG 20 shows an engineering drawing for a fatigue specimen having a reduced 
thickness center section, reinforcement ribs on the sides, and symmetrical radius cutouts 
on both sides of the thinned area. 

FIG 21 shows (a) a fatigue test configuration with the MWM-Array mounted at 
20 a steel fastener installed on the Al 2024 test specimen and (b) a side view of the fatigue 
test configuration. 

FIG 22 is an illustration of the use of an MWM sensor for measuring crack 

length near a fastener. 

FIG 23 is (a) a plan view of a linear MWM-Array for crack detection and 
25 determining crack location and (b) an expanded view of a sensing element in the linear 
MWM-Array. 

FIG 24 is (a) a plan view of an MWM-Rosette for crack detection and 
determining crack circumferential (azimuthal) location and (b) an expanded view of 
some of the winding connections in an MWM-Rosette. 
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FIG 25 shows an eddy-curren, array mounted between layers of a structure. 

FIG 26 shows an eddy-current array mounted underneath a fastener. 

FIG 27 is (a) a plan view of an MWM-Rosette for crack detection and crack 

H^anexoandedviewofsomeofthewindingconnectronsman 
length measurement and (b) an expanaeu 

individually. 

FIG 30 shows a plan view of a tapered MWM-Array. 

FIG 31 shows an expanded view of an absolute sensing element. 

FIG 32 shows an expanded view of a differential sensing element. 

FIGSSshowsanexpandedvrewofadifferentialsensingelement. 

FlG34showsanaltema,ivemethodforcon„ec,in g toanabso.utesens 1 n g 

elemen F,G35 illustrates an alternative design for a meandenng primal winding. 
FIG 36 shows a measurement grid for a layered winding desrgn. 
20 FIGJTUlustratesadesignforcross-connectingthemeandersofthepnmary 

windingwHchgreatlyreducesthenecessa^numberofhondpadconnechon, 
F IG38is(a)aplanviewofamu,ti-layerelec,rode g eometryand(b)an 

expanded view of the winding segments. 

FIG 39 is a plan view of a sensor similar to that shown m FIG 38, except 

footprint. . 

FIG 40 is a schematic plan for a layered primary winding design. 
FrG4 1 ,san,.,ustrationof«hete mP eratu re dependenceo f theMWMmeasured 

electrical conductivity. 
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FIG 42 is an illustration of the absolute conductivity data from repeated MWM 
scans in slots (a) 22 and (b) 23 of a Stage 2 fan disk. 

FIG 43 is an illustration of the absolute conductivity data from MWM scans m 
al , 46 slots in a Stage 2 fan disk. Arrows indicate slots that had cracks detected by the 
5 MWM and UT. Encircled slot numbers denote cracks detected by the MWM but not 

UT. .. t 

FIG 44 is an illustration of the normalized conductivity data corresponding to 

the data of FIG 43. 

FIG 45(a) is an illustration of the reduction in the normalized conductivity 
,0 dependenceoncracklengthfortheslotshstedinTablel.Nominalthresholdsforcrack 

detection is indicated, (b) provides an expanded view of the response of the smaller 

" ~ ' FIG 46 is a plan view of an alternative embodiment for a linear sensor array. 
FIG 47 is a plan view of an alternative embodiment for a linear sensor array. 
15 FIG 48 shows MWM measurement scans across a "clean" weld and across 

contaminated titanium welds. 

FIG 49 illustrates the effect of shielding gas contamination on the normahzed 

conductivity of titanium welds. 

FIG 50 illustrates several measurement scans across three engine disk slots, 

20 along with nominal detection thresholds. 

" FIG 51 illustrates the variation in the normalized conductivity due to the 

formation of cracks in engine disk slots. 

FIG 52 illustrates the effective relative permeability variation with posttton 

along the axis of gun barrel. 
25 * FIG 53 illustrates the MWM measured effective relative permeabthty m two 
regions and possible behavior between the two regions along the axis of a 25 mm 
diameter partially overheated gun barrel. 

FIG 54 illustrates hidden crack detection and sizing in a nickel-based alloy 

sample, using a two-frequency method. 
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DET AILED DESCRIPTION OF THE INVENTION 

A description of preferred embodiments of the invention follows. 
To safely support life extension for aging structures and to reduce weight and 
maintenance/inspection costs for new structures requires both rapid and cost effective 
5 mspectioncapabrlitie, In particular, continuous monitoring of crack initiation and 
growth requires the permanent mounting of sensors to the component bring momtored 
and severely limits the usefulness of cahbration or reference standards, especially when 
placed in difficult-to-access locations on aging or new structures. 

Permanent and surface mounting of conventional eddy-current sensors ts not 
10 performed. One reason for this is the cahbration requirements for the measurements 
and another is the variably between probes. Conventional eddy-current techn.ques 
requ.revaryingtheprox.mi.yofthesensoriorhft-ofD to the test matenal or reference 
part by rocking the sensor back and forth or scanning across a surface to configure the 
equ.pmentsettingsanddisplay. For example, for crack detection the hft-offvanahons 
15 isgenera.lydisp.ayedasahonzontalhne.runningfromrighttoleft.sothatcracksor 

other matenalproperty variations appear on the vertical axis. Affixing or mounting the 
sensors against a test surface precludes this cahbration routine. The probe-to-probe 
variability of conventional eddy-current sensors prevents calibrating with one sensor 
and then reconnecting the instrumentation to a second (e.g., mounted) sensor for the test 
20 material measurements. Measured signal responses from nominally identical probes 
having inductance variations less than 2% have signal variations greater than 35% 
[Auld 1999] These shortcomings are overcome with spatially penodtc field 
eddy-current sensors, as described herein, that provide absolute property measurements 
and are reproduced reliably using micro-fabrication techniques. Calibrations can also 
25 be performed with dupticate spatially penodic field sensors using the response m a.r or 
on reference parts prior to making the connection with the surface mounted sensor. 

The capability to characterize fatigue damage in structural materials, along wtth 
the continuous monitoring of crack initiation and growth, has been demonstrated A 
novel eddy-current sensor suitable for these measurements, the Meandenng Wmdmg 
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Magnetometer Array (MWM™-Array), is described in U.S. Pat. Nos. 5,015,951, 
5,453,689, and 5,793,206. The MWM is a "planar," conformable eddy-current sensor 
that was designed to support quantitative and autonomous data interpretation methods. 
These methods, called grid measurement methods, permit crack detection on curved 

5 surfaces without the use of crack standards, and provide quantitative images of absolute 
electrical properties (conductivity and permeability) and coating thickness without 
requiring field reference standards (i.e., calibration is performed in "air," away from 
conducting surfaces). The use of the MWM-Array for fatigue mapping and on-line 
fatigue monitoring has also been described [Goldfine, 1998 NASA]. This inspection 

10 capability is suitable for on-line fatigue tests for coupons and complex components, as 
well as for monitoring of difficult-to-access locations on both military and commercial 
aircraft. 


I FIG 1 to FIG 12 illustratl the standard geometry for an MWM sensor and its 

U initial application to fatigue damL measurements. FIG 1 illustrates the basic 

1 15 geometry of the MWM sensor 16 Wed descriptions of which are given in U.S. Pat. 
S Nos. 5,015,951, 5,453,689, and 5,7^3,206. The sensor includes a meandering primary 

|i winding 10 having extended portion! for creating the magnetic field and meandering 

secondary windings 12 within the primary winding for sensing the response. The 
primary winding is fabricated in a square wave pattern with the dimension of the spatial 
20 periodicity termed the spatial wavelengfc (. A current i, is applied to the primary 
winding and a voltage v 2 is measured at ke terminals of the secondary windings. The 
secondary elements are pulled back fromW connecting portions of the primary 
winding to minimize end effect coupling oV the magnetic field and a second set of 
secondary windings can meander on the oplsite side of the primary or dummy 
25 elements 14 can be placed between the meanders of the primary to maintain the 

symmetry of the magnetic field, as described to pending application 09/182,693. The 
magnetic vector potential produced by the currU in the primary can be accurately 
modeled as a Fourier series summation of spatik sinusoids, with the dominant mode 
having the spatial wavelength (. For an MWM- W the responses from individual or 
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combinationsofthesecondal* 

s^als for a single primary ^W™-^ 
Tj£j^J3£5i^b^^^ micro-fabrication techmques 

w icallyemployedmmtegra,^ 
5 highly reliable and highly rentable (i.e., essentially identical) sensors, whtch has 
inherent advantages over the cons used in conventional eddy-current sensors. As 
indicated by Auld and Moulder, for conventional eddy-current sensors "nommally 
identical probes have been found to give signals that differ by as much as 35%, even 
thoughtheprobeinductanceswererdentrcalto better than 2%" [Auld, 1999]. Tins lack 

10 ofreproducibilitywi^^^ 

of the sensors (e.g., matched sensor/calibration block sets). In contrast, duphcate 
MWM sensor tips have nearly identical magnetic field distributions around the 
windings as standard rnicro-fabncation (etching) techniques have both high spahal 
reproducibility and resolution. As the sensor was also designed to produce a spatrally 
,5 p eriodicmagneticf,eldinthematerialunder.est(MUT),thesensorresponsecanbe 

accurately modeled which dramatically reduces calibration requrrements. For example, 
in some situations an "air calibration" can be used to measure an absolute e.ectncal 
conductivity without calibrate standards, which makes the MWM sensor geometry 
well-suited to surface mounted or embedded applications where cahbrahon 
20 requirements will be necessarily relaxed. 

An efficient method for converting the response of the MWM sensor into 
materia, or geometric properties rs to use grid measurement methods. These methods 
map the magnitude and phase of the sensor impedance into the propert.es to be 
determined and provide for a real-rime measurement capability. The measurement gnds 

parameters to two unknowns, such as the conductivity and lift-off (where lift-off rs 
defined as the proximity of the MUT to the plane of the MWM windings). For the 
characterization of coatings or surface layer properties, three-dimensional vers.ons of 
the measurement grids can be used. Alternatively, the surface layer parameters can be 
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fctermmed from numerica, algous that minimi the least-scares error between the 
.neasurements and the predicted responses from the season 

An advantage of the measurement grid method is that ■« allows for real-trm 

only ,a bl e lookup operation.whioh.sreiattveiy fast, needstobeperfornted. 
individualeiementcanbeHft-offeompensatedtoprovideabsoluteproperty 

'e extensive calibrations and instrument preparation. 

FIG 2andF I G3mustrate,hecapabiH. y of,heMWMsensorto P rov^ea 

c * i 9o?4 the MWM measurements detect tatigue 
20 .orTv^stamless 

of deformation, and continues to decrease, almost hnearlv, wtth — ^ 
iingfatiguecouponiswendep.ctedbyMWMmeasuremen.si.lustratedmbothnG 


2 and FIG 3. 
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HG3shows the abihtyofanMWM sensor to detect the spatial distnbu.ono 

, hfesp lens. v.^~^**>>"*«'" t "*~ m '*. 

were taken with a sensor having a footprint of 1 inch by l 
Track These measurements were taKen wan a 

10 thesenso, ^^m*^-"^**"***"*" 

ta a,ionofadominant,nacrocrac that ^aged area ,s detectable as 
signifi ca„t reduction tntheMWM measured conduCvity. Photomtcrographs e 

stage Although detect with the MWM, these microcrack clusters, termed 

exceptatthevervedgeofthe^ercenthfespecme. This same behavtor h, een 
observed for MWM measurements on military and commereia, arrcrafl structural 

"""'FIGS 4a and 4b provide two-dimensional images of the measured conductivity 

20 „**^*t&^^*™*™ m * a T m ' 

mthiscase.theMWMfootprintwasO.StnchesbyO.inches. When the extended 
MWMhasmaxrmumsens.tivrty to the macrocrack and mtcrocrack clusters ( IG4a> 
25 has minimum sensitivity to the macrocrack and microcrack clusters (FIG 4b). The 
^macrocracktudicatesthatthemtcrocracksthatformatearlystagesoffa^ 
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behavior at early stages of fatigue damage, before detectable macrocracks have formed. 
Note that the microcrack density and size increases are indicated by a larger reduction m 
the MWM absolute conductivity measurements. Thus, as expected, the microcrack stze 
and density increase near the coupon edges and are lower at the center. 
5 Similar two-dimensional images of the measured conductivity have been 

obtained on actual military components. FIGS 5a and 5b show the surface scan 
mapping of fatigue damage on a military aircraft bulkhead for MWM winding, 
segments oriented both perpendicular and parallel to the bending moment ax,s. One 
portion of the bulkhead was found to contain a localized conductivity excursron 
10 characteristic of early stage fatigue microcracking. A conventional eddy-current 

inspection of mis area found only discrete macrocracks. However, the width of the area 
of the MWM measured reduced conductivity beyond the macrocrack area mdtcates that 
there is a region of microcracking in addition to the discrete macrocracks. 

Fatigue damage can also create variations in the magnetic permeabil.ty, as 

15 indicated in . 

FIG 6 for two austenitic stainless steel specimens. One specimen was fatigue 

tested while the other was not. Surface scans with the MWM windings oriented 
perpendicular and parallel to the length of the specimens show a bi-directional magnetic 
permeability in the fatigued specimen. The magnetic susceptibility is largest m the 
20 loading direction as the fatigue alters the microstructure of the stainless steel, creating a 
magnetic phase such as martensite from the initially nonmagnetic matenal. 

FIGS 7a and 7b show the results of examinations of service exposed sections of 
a Boeing 737 fuselage. MWM measurements were made on the lap joint near the 
passenger windows and on the skin panels under the pilot window post. The MWM 
25 detected several areas with substantia, conductivity variations that could be identified as 
areas of wide-spread fatigue damage, i.e., extensive fatigue microcracking. FIG 7a 
shows a horizontal scan several inches above the top fastener row of the lap jomt. The 
MWM measured conductivity has m.mma that correspond consistently with the vertical 
edge locations of the windows. Thus, substantial bending fatigue damage was detected 
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by the MWM several inches above the lap joint fastener rows. The bending fatigue 
coupon data suggest that this region is beyond 60 percent of its fatigue life, although ,t 
probably does not contain macrocracks whtch would be detectable with conventual 
differential eddy-current methods or with liquid penetrant testing. FIG 7b shows a 
5 vertical scan down the panel. The damage begins near the bottom of the windows and 
increases steadily, with the maximum damage occurring at the fasteners. A key 
observation from these measurements is that this damage is detectable more than stx 
inches away from the fasteners. It was later verified that cracks near fasteners were 
correlated with regions of reduced conductivity found by the MWM several inches 
10 away from any fasteners. Five out of five locations in which macrocracks had been 
documented a. fasteners had been in areas similar to those identified by the MWM 
detection of distributed damage away from the fasteners. 

This ability to map the spatial extent of the wide area fatigue provides 
information that can be used to improve the selection of patch location and stze, thereby . 
, 5 potential* proving the reliability of the repairs and reducing fo,.ow-on maintenance 
costs The MWM measured conductivity information may also be used to identify 
specific regions that require fastener inspections, as well as to support inspection, 
maintenance scheduling and redesign efforts. This is important because the locations of 
these areas are not always intuitive, since the structural response is affected by design 
20 features such as window edge stiffens lap joints, and doublers, and by maintenance 
features such as patches and repairs in sometimes unforeseen ways. 

FIGS 8a and 8b show expanded versions of an eight-element array. Connections 
are made to each of the individual secondary elements 248. For use with air calibration, 
dummy elements 250 are placed on the outside meanders of the primary 254. As 
25 described in Paten, Application 09/182,693, the secondaries are set back from the 
primary winding connectors 252 and the gap between the leads to the secondary 
elements are minimized. This flexible array can be inserted into a ho.e within the gage 
section of a fatigue specimen to monitor crack initiation and initial crack propagation or 
placed flush against a surface to monitor crack propagation. 


1884.1020-006 


-22- 


FIG 9 shows an example application of six MWM-Arrays from FIGS 8a and 8b 

fatigue test coupon. The MWM-Arrays mounted within .he ho.e ean be used todeect 

5 hol ebuthaveno,propagated,otheou,sidesurface). The MWM-Arrays can also be 
ptaced around the circumference of a cylindrical or hyperbolical gage section. 
Multi-frequency MWM measurements can provide diagnostic information to ™ ° r 

are usedoncea"corner" or through-wall crack(i.e., one thathas reached either orboth 
,0 outersurfaces)fonn, The crack length can be inferred from the MWM measured 
effective conductivity since the MWM measured conductivity change correlates with 
length, as shown for — ■.FK»7..«*^«^«*' 
and for cracks deeper than the MWM penetration depth. The correlation with length is 
expected to be even more robust for through-wall cracks so that a single sensing 
,5 elementMWMmaybeusedforregionsoutsidetheholeaswell. 

application is suitable for monitoring crack propagation with fatigue cycles da/dN) 
duri „ g complexcompo„ent,es„„g.Forexample ;m onitoringofwideareas(e.g 

drop methods. This MWM capability can provide a new tool to demonstrate damage 

"^Surface mounted MWM-Arrays have also demonstrated an on-line capability to 
mo nitor cumulative fatigue damage during load cycling. FIG 10 shows the^eme, 

25 thecentero f al-inchwideby0.25-,nchthick(2 5 .4mmw 1 deb y 6.35-mmthick) 

specimen 30 made of an aluminum (Al 2024-T35 1) alloy. The flat specimens w h 
tangent,a,lyblendedfille,s31between,he test section and the gnpends were tested 

eiasticstress concentration factor of 2.4. The MWM- Array had eight sensmg elements 
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• * Wated at 1-mm increments along the array length in the 

cyii Tl^^^^^^^ 

5 deCt ZLst Severaispec.nenswereruntofa^todetenn.ne.he 

10 test ^^i^^^^:rT 

measurements for each element of the MWM- Array ^ FIG ^Ue FIG 1 lb shows the 

u-kit „ rlprrease in the conductivity. The cracK men 4 j 

propagates to me eage <u ^ moment 6 began to 

M ♦ < Thkoarticular test was stopped when Element ooeg 

"•^^T^ ^..-offasa^ 
MWM.Arrayusingauniformpropertymodel. IG a 

fatl ^' e cyc.es)il.ustra,esthe "settling" oftheMWM as the sensor 

testing (less than 15,000 cycles) ,Hu ^ ^ ^ 

adjusts to the surface. The mcrease of the effective 
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witn spaudiiy F ..pffprtive lift-off 'signals using the 

provide depth measurements. Also, momtonng of effects 
, rWM-JayfordeeporacMoverO, inches) provides in— about the 

prov.desacapab.lity to create sampies with very early stage fatrgue damage. FIGS 13a 

, v t« this case the specimen was removed from the test after 

• L (Elements 1 and 3). Metallography performed on th,s 
a,ong the axrs of the hole (Elements an , ^ 2 

15 specimen after scanning electron mtcroscopy (SEM) tdentrtte 

T 1 0 034 inches deep and substantially sma.ler cracks further away from Element 2. 
ab „ut0.034mchesde p ^^ ^^^^^.^ 

TheSEMcxaminattonofthcareamomto nnn4 inches to over 1/16 inch in 

damage with predominantly axial cracks rangmg from 0.004 mches too 

rrAdiacenttothesi.ablecrackdeteotedbythcMWM^eSEMcxammatron 

length. Adjacent ^ marks 

20 revealed a series of intrusions parallel to the cracK ana 

Zreammg These intrusions might be assorted with persistent shp bands (FSB). 

1 ct.ons nconductivrtybyndividualelementsandauowsforcompensauono ^e 
25 I'aturevanationsdunngthemeasuremcn, Thermocouples, therm, ors or other 

aluminum alloy while specimens #32 and #34 were 
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detennine.hethreshoUfordetectionoffatiguedamage.thesetests^restoppedat 

neighboring—)* Channels #2 and3were considered indicative of euher 

formationofmicrocracks. These san lpl es we, examined thoroughly w,thanSEMby 
scanningthesurfaceoftheholeat magnifications up to 1.000X across the entire area 
nronitored dunng the fatigue tests with MWM-Array, A number of areas were 
examinedathighermagntfications.up.otO.OOOX. The SEM examinations are 

cracks on the order of 0.002 inches andsmalle, Since the cracks for each of these 
specimens didnot reach theouts.de surfaceofthe component, itappears that the 

momtoring capability with the MWM-Array allows tests tobe stopped -various 
eracksizeswitotheholeandparticularlyatvanousearlystagesof-prc-crac 

"long crack" growth stage. 

r^ a A t^P nrp<;ence and locations of cracks in the 
SEM examinations confirmed the presence anu iu 

specimens. SEM examinations of Specimen #34 revealed a few microcracks, r ^ in ^ 
20 MWM The0.0036i„ch,ong 1 ntermi*tentcrackwasin.heareamon 1 toredbyEle,nen, 

3and4of,heMWM. A crack in this location is consistent with the MWM response of 
FIG S14band,5b.AnexaminationofSpecimen#34byan N D EL evc,3mspecto, 

..singaverysensifiveconventional eddy-current probe, didno.reveal any crack-hke 

oft heho,e«hatwasnotmonitoredby.heMWM-Arra, This finding provides an 

method but detectable and detected by MWM sensor should have existed on the side 
m „„itoredby the MWM-Array. After carefully cross-sectioning the specimen tothe 
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position of .he 0.0036 inch crack, examinations of the crack area with an opUcal 
microscope at several magnification levels verified the presence of the crack. 
Metallographyrevealed mat the crack depth was approximately 0.001 inches (25 (m). 
Simnar SEM examinations performed on Specimen #5 indicated two cracks, whtch ,s 

5 c onststentwiththeMWMdataofFIG15a. SEM examinations of Specimen #32 
sealed a few cracks ranging in length from 0.0005 to 0.006 inches (12 to 150 (m , 
with two d,stinct cracks that w 5 re .ess than 0.002 inches long. The longest detected 
crack was intermittent, i.e., consisted of a few adjacent continuous cracks. Assummg a 
sem.circular geometry for the cracks, the estimated depth of individual conttnuous 

10 cracksrangin gl nlen g thfrom0,005,o0.0024inches ( ,2,o60(m)wou,dbcbe«ween 

0 00025 and 0.00125 inches (6 and 30 (m). 

FIG 17 summarizes the results on the tested specimens in terms of crack length 
compared to the MWM measured data. The data for specimens #32 and #34 are 
difficult to analyze because there are mu.tiple crack indications and the longer cracks 
15 (e g the 0.006 inch long crack in specimen #32) appear to be intermittent (i.e., formed 
from" several shorter cracks). Furthermore, the depth of penetration of the MWM 
noetic fields at 1 MHz is on the order of 0.003 inches so that cracks shallower than 
0 003 inches will produce a MWM conductivtty dependence based on depth as we.l as 
length Forthesecracks,ahigherfrequencymeasurement(e.g.6orl0MHz) 1 s 
20 expectcdtoprovtdeamorereliablemeasureofcracklengthaswellasabettersignalto 

noise for improved sensitivity to microcrack detection. Multiple frequency 
measurements should then allow for estimating crack propagation in both length and 
depth directions. 

The reliable detection of the onset of fatigue damage and the number of cycles to 

25 ^m^^^V^'^^^^^' 1 ^ f 

A» example detection algorithm is to use a simple hypothesis test to build a first se of 

statistics (e.g., standard deviations) for the no damage MWM conductivity data 
winning of the test and also a second set of statistics for a moving window of most 
recent data. This grouping of data ,s illustrated tn FIG 16 for an example conducts 
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, Je.helof.he — deviaUonsof.heNoD^eMWMData^™ 

statement tha « ",he most recent data shows a conductivity drop not relate tome a, 
temperaturechanges.comparedtotheearUernodamagedata.Theconf.denceieve. 

10 commo„ly«sedtodetectdo™ward tt e„dsmnoisydata, S uchasthestoc k mar k e An 

LJtestisan.mprovementovert.Hnmaninterpretat^ 
operatorstypicanyhaveanexpectationofresnlts.basedonpriortowedgeo the 
conponmatena.orexpectednnmberofcyelestoinitiation.thatcantnflueneethe 

, 5 reSUUS ' Another aspect of the invention described here relates to unique geometnes for 

initiation sites will lie within the area under inspection by a surface mounted 

eddy-current sensor. 

With a traditional dogbone design, fatigue damage starts in the nuddle of the 
20 specimenbutisnotlocal.eda.ongthelengthofthesamples.Thus.thereisno 

ofthe specimen 30 and in the mrddle of the reduced thickness center secfon ,n order 
25 avoid cracks at the edges of the gage section. The lengthwise localizes 

above and below the gage section. FIG 18 shows a dogbone specimen 300 wnh 
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section 301 and both reinforcement ribs 302 and rad.us cutouts 303. Each of . e 

thp , tres ses at the edges and thereby prevents mmation of 
designs significantly reduces the stresses at me s 

sensitivity to the flaws being investigated and can be app 

on and scanning across test materials. 

FIGS 21a and 21b show a sample configuration for the detection of cracks near 
Musziadi fastener 42 is attached to 

fasteners with MWM sensors mounted on the surface. A steel fastene 

fasteners w ^circular notch. The mounttng bracket 44 

holds the MWM sensor against the surface 
,„ H G2 2mustrates.he P ositionin g ofanMWMsensorl6neartheho,e63used 

• f . nivjn inches 0 75 mm) beyond the edge of the tastener 
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dummy element on the edge will n nftheDrese nce of a crack beneath the 

m«* it can provide an earlier indication of the presence o 
measurement, it can provmc DOS ition of the 

fastener Furthermore, although this MWM sensor does no. locate the pos 

f ,d for interrogating the MUT and a plurality of secondary elements 54 
magnetic field for interrogating ^ 

15 aiongthelengthofeachmeande, ^pd-jr— - «-«^-^ 

r 1-4 «n,il fl T to the single loop meandenng winding 10 olMUi. 

♦ mr<! ^ 37 and 40. Secondary elements mat coupic 
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, 1 «t= « in adiacent meanders of the primary are offset 
^ pc The secondary elements are set back from the 

— — — ■ — 

, ■ i. ♦ o a »T" shane and necessitates the use ot a 
nrimarv winding meanders, which creates a T shape ancin 

primary wincing The sensor of FIG 23 has the layer 

— pn^w^s^ ; insulationarealsoappUedtothe 

windings from the MUT. All ot me 

M .hLrimarywindingmeanders.requireaccess.obott.sidesof.hesensor. 

Tadva [1 taeofthe S e„ S o r o fF IGS 2 3aand23,ove r thesenso rg «o f 

FIG 1 is^atU can detect cracks and determine the crack location within the footprint of 

contrast, the secondary elements 12 otnu v 

cann ot distinguish the crackpositionalongthe length ofthe meander. 
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FIGS 24a and 24b show a c.rcularly symmetric embodiment of an MWM-Array. 
This MWM-Rosette or periodic fie.d eddy-current - roseUe (PFEC-Rosette) maintatns 
the spatial periodicity of the magnetic f,e,d in theradiai direction with primary wmdmg 
82 The characteristic dimension for this radial spatial periodtcity is the spatial 
5 wavelength. The plurality ofsecondary elements 84, 86, and 88 provide complete 
coverage around the circumference of the sensor and canbe used to detect cracks and 
determine the crack location. The gap 89 between the primary winding conductors 
and 87 is minimtzed to reduce any stray magnetic fields from affectmg the 
ro easurements. FIGS 27a and 27b show a circularly symmetric variation of a standard 
,0 MWM-Array. As with FIGS 24a and 24b, the primary winding 90 maintains 

periodicity ofmemagnettcfield in theradiai direction. The secondary elements 2,94, 
96 and 98 provide complete coverage around the circumference of the sensor and can 
be'used to detect cracks and determine the crack length. The first active sensmg 
( secondary)e,ementis located asclose as possible to the insideofthe sensor to enable 
15 early detection of cracks. The primary winding 90 is fabricated onto one s.de of a 
substrate 91 while the secondary elements 92, 94, 96, and 98 are fabricated onto the 
opposite side of the substrate. Individual connections 93 are made to each of the 
secondary elements for independent measurements of the response of each element. 
Altematively.thenetsignal from all ofthe dements can be obtained by connecting the 

20 loops together. . 

The rosette configuration is most useful for crack detection and location around 

also be used in areas where the stress distribution and the crack initiation pom. and 
growth direction may no. be known because of complex component geometry or servtce 
25 related repairs. 

AfT : Tri (;ii a 74a and 27a can be surtace 
The MWM-Array configurations of FIGb 23a, anu * 

.oun.edonapart.ashasbeendemons.ra.edfor.hes.andardMWMandMWM Array 
ofFIGSl 8a,and8b. This mounting can take the form of a damp or pressure fitting 
agamstthe surface, or the sensors can be mounted wtth an adhesiveand covered w.tha 
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sealant. Since the MWM sensors do not require an intimate mechanical bond, 
compliant adhesives can be used to improve durability. 

The MWM sensors embodied in FIGS 1. 8a, 23a, 24a, 27a, 38a, 39a, 46 and 47 
can also be packaged on a roll of adhesive tape. Individual lengths of the tape may be 
5 cut to meet the length requirements of particular application. For example, a stngle stnp 
of tape containing numerous MWM-Rosettes may be placed along a row of fasteners 
relatively rapidly. Electrical connections can be made to bond pads for the indmdual 
sensors or groups of sensors. When mounted against a surface, the adhestve can be 
provided along one surface of the supporting membrane to bond the selected length of 
10 the sensor array to a par. to be tested. When mounted between layers, the adhestve 
should be provided along both the upper and lower exposed surfaces. 

The sensors can also be embedded between layers of a structure, such as 
between layers of a lap joint or under repairs using composites or metal doublets, 
possibly with a sealant or other fillers to support compressive loads. This is tllustrated 
15 in the cross-sectional view of FIG 25 for MWM-Arrays 266 embedded in the sealant 
262 between structural panels 260 and around a fastener 264. It also follows that the 
rosette configurations can be formed mto "smart" washers that can be placed dtrectly 
beneath the heads of fasteners. This is illustrated in the cross-sectional view of FIG 26 
for an MWM-Rosette 272 placed between the head of a fastener 270 and a structural 
20 panel 260. The sealant 262 may be placed between the structural panels, between the 
MWM-Rosette and the fastener head, or over the entire fastener head. 

Since processing of the measured responses through the measurement gnds 
provides the capabUity for each sensing element to be individually lift-off compensated 
and access to each element is not required for calibration, the sensor can be covered 
25 with a top coat of sealant to provide protection from any hazardous environments. 
Furthermore, the sensor can intentionally be set off a surface, or fabricated with a 
porous (or liberally perforated) substrate material, to avoid or minimize mterference 
with the environment causing the corrosion process to occur on the surface and to 
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provide continuous monitoring and tnspection for stress corrosion cracking or corrosion 
fatigue. 

FIG 28 illustrates an example configuration in which two closely spaced 
MWM-Rosettes 97 are placed around two fasteners 99. The fasteners are also near a 
5 corner fitting 101. This is meant to illustrate that the rosettes can operate when next to 
o„eano,her,andmeycanbedrivene»^ 

patterns for theprimaries help cancelthe magnetic fields outside the footprint each 
sensor so that the cross-coupltng of fields between rosettes is mimma!. A disputed 
ffl chitecture can be used for the electrical connections to each of the rosettes. The 
10 electtonicslOJcanbedistnbutedsothateachrosettehasindependentamplificatronand 

connection cab.es. Alternative*, multiplexing or paral.e! processing of each of the 
mdividua, sensing elements, as appropriate, canreduce the number of independent 
amplifiers and cables. The electronics can be located near the sensing elements or a the 
opposite end of the connecting cables, far from the sensing elements, as necessary. In 
,5 addition, the electronics car also be made flat and flexible for embeddmg m the 

structure so that relatively few signal and power line connections are recurred for each 


rosette. 


These configurations, particularly when applied in a surface mount apphcation, 
provide new capabrlities for fatigue damage monitonng. For example, there is a stated 
20 requirement in both military and commercral sectors to more accurately determme the 
number of cycles to crack ruination, N„ in fatigue test coupons and component tests. 
For coupons, this is necessary to determine the fatigue behavror of new aUoys and to 
qualify production runs for materials used in aircraft structures. For fatigue tests of 
complex structures, determination of both the number of cycles to crack initiation and 
25 moni,orin g ofcrac k pro P agationandcrackpropagationrates,da/dN(dep m vs.cyc,es) 

and dl/dN (length vs. cycles), is required and would provide essential information for 
both aging aircraft management and newer aircraft design and modification. When 
cracks mitiatcndifficult-to-access locations, however, crack propagation rates can not 
be determined during fatigue testing. Thus, e.ther costly disassembly rs requtred dunng 
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fatigue tests, or very conservative damage tolerance-based inspection scheduhng for 
in-service aircraft will result. Surface mounting of the sensors substantial* reduces the 
disassembly requirement and allows for more periodic inspections. 

FIG 29 shows an alternative embodiment for a sensor 212 having a pnmary 
5 winding 214 and a plurality of sensing elements 216 mounted onto a common substrate 
213 The sensing elements 218 of the sensing elements 216 on one side, those m the 
channels opening to the bottom of FIG 29, are smaller sensing elements. The sensmg 
elements 218 are offset, starting at the top on the left of FIG 29. The offset ,s 
perpendicular to the scan direction to support image building of the "crack" response. 
10 The staggering of the secondary positions provides for complete coverage when the 
sensor is scanned over the MOT in a direction perpendicular to the primary meanders, 
individual connections to each of the staggered secondary elements 216 also support the 
construction of images of the measured properties. Elongated extensions 226 to the 
secondary elements (224) can help to mmimize variations in the parasitic couphng 
,5 betweentheprim^andthesecondaryelements. Dummy elements 222 can also be 
added to the endmost primary meanders, as taught inPatent Application 09/182,693. 
The elements 219 on the opposite side of the meandering primary are shown grouped 
and can be used to provide a measure of the background properties of the matenal 
wh,eh can complement the higher resolution property image obtained from the smaller 
20 sensing elements. FIG 46 and FIG 47 show two additional embodiments for hnear 
sensor arrays where a single primary winding creates the imposed magnetic field and 
individual connections are made to each secondary element in the array. 

FIG 30 shows a schematic for a multilayer sensor array that provrdes htgh 
imaging resolution and high sensitivity to hidden macroeracks and distributed 
25 microcracks. This deep penetration array design is suitable for the detection of htdden 
fatigue damage at depths more than 0.1 inches. The sensor array contams a smgle 
primary winding 104 and an array of secondary or sensing elements destgned for 
absolute 106 or differential 108 measurements as described below wrth respect to FIGS 
31 and32 to this tapered MWM-Array current flow through the primary wmding 
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creates a spatially periodic magnetic field that can be accurately modeled. The voltage 
induced in the secondary elements by the magnetic field is related to the physical 
properties and proximity to the MUT. Except for the rightmost sensing elements, two 
sensing elements are located within each meander of the primary winding. The absolute 
5 elements are offset in the x direction from other absolute elements to provide an overlap 
and complete coverage of the MUT when the array is scanned in the y direction. 
Similarly the differential elements are offset from one another to also provide complete 
coverage. 

This sensor also uses a single primary winding that extends beyond the sensing 
10 elements in the x and y directions. This has the specific advantages of eliminating the 
problem of cross-coupling between individually driven sensing elements and reducing 
parasitic effects at the edges of the sensor. These parasitic effects are further reduced by 
the introduction of passive, dummy elements that maintain the periodicity of the sensor 
geometry. These elements are illustrated in FIG 30 in the end meanders 1 10 and within 
15 the meanders containing the sensing elements 1 12. 

Furthermore, the distance between the sensing elements and the primary (drive) 
winding is large enough to minimize coupling of short spatial wavelength magnetic 
field modes. As a result, the sensing element response is primarily sensitive to the 
dominant periodic mode. This produces improved depth of sensitivity to the properties 
20 ofanMUT. 

The design of the sensor in FIG 30 also minimizes differences in coupling of the 
magnetic field to the sensing elements. The taper of the primary winding in the y 
direction maintains the distance between the sensing elements and the edge segments of 
the primary winding 1 14 and 116. This also effectively balances the fringing field 
25 coupling to the electrical leads 1 18 for connecting to the sensing elements. These leads 
are kept close together to minimize fringing field coupling. The leads for the pnmary 
winding 120 are kept close together to minimize the creation of fringing fields. The 
bond pads 122 and 124 provide the capability for connecting the sensor to a mounting 
fixture. The trace widths for the primary winding can also be increased to minimize 
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ohmic heating, particularly for large penetration depths that require low frequency and 
high current amplitude excitations. 

In order to maintain the symmetry for the sensing elements, multiple layers are 
required for the winding patterns. In FIG 30 the primary winding is fabricated on one 
5 side of an electrical insulator 102 while the secondaries are deposited onto the opposne 
side of the insulator. The three-layer structure is then sandwiched between two 
additional layers of insulation, with adhesives bonding the layers together. This 
deposition can be performed using standard microfabrication techniques. The insulahon 

0 us ed for the layers may depend upon the application. For conformable sensors, the 
m io insulating layers can be a flexible material such as Kapton™, a polyimide avanable 

1 from E. I. DuPont de Nemours Company, while for high temperature apphcatrons the 
Vi insulating layers can be a ceramic such as alumina. 

% Although the use of multilayer sensors and sensor arrays is widespread in the 

"I literature, one unique approach here is the offset combination of absolute and 

3 15 differential elements within a meandering winding structure. hat provides a spattally 
P periodic imposed magnetic field and has been designed to minimize unmodeled 

I parasitic effects. Specific advantages of mis design are that (1) it allows complete 

coverage with both types of sensing elements when the array is scanned over an MUT, 
(2) the response of the individual elements can be accurately modeled, allowing 
20 quantitative measurements of the MUT properties and proximity, and (3) it provides 
increased depth of sensitivity. In particular, while U.S. Patent 5,793,206 teaches of the 
use of numerous sensing elements within each meander of a primary windmg, the 
design of FIG 30 illustrates how the layout of the primary and secondary windmgs can 
provide improved measurement sensitivity. 
25 FIG 31 shows an expanded view of one of the absolute sensing elements 106. 

Electrical connections to the sensing loop are made through the leads 130 and the bond 
pads 1 22 The dummy elements 132 maintain the periodicity of the winding structures 
and reduce element to element variability. The distance between the primary windmg 
segments 134 and the secondary winding segments 136 can be adjusted to tmprove 
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detect deep defects, far from the surface. With each absolute sensing element 

thCocalntaterialpropertyandproxtntitytotheMUT. The measured properties from 
each absolute sensing element can then be combined together to prov.de a 
two-dimensional mapping of the material properties. 

FIG 32 shows an expanded vtew of two differential sensing elements 140 placed 
10 adja ce„ttoonea„o,her ) between r wopnmar y w 1 nd 1 n g sl42. Each differentia, element 
^udestwosensingcoils,44withassociatedconnect,on,adsl46.Themeandenn g 
pa«ernof«he.eadsprovides essentially the same coupling areas andfields across the 

Lsingregionbetweenthesensingcoils. Dummy elements 14S are placed on the s.des 
andbetweenmepatrsofdifferentialcotlsclosesttothecenterofthesensormthex 

15 drrectiontofurtherminimi.eanydifferencesbetweenthecotls. By maintammg the 
synlm etry between the cotls and the sensing leads, the co„ differences canbe taken at 
thebondpads, 2 4orwithelec«roniesex,emal,othesensori,e,f. Similarto.be 
absolute coils, the gap spacing between the primal w,ndings and the secondary cotl can 
be adjusted -^•..P^«— ^' a ^" 

cr ea,ingatwo-dimensional mapping ofthe differential response, which indtcates local 
variations in the material properties and proximity. 

FIG 33 shows an alternative orientation for the differential sensmg elements 140 
betweentheprimary windings 142. Into case, the individual windings 144 ofthe 
25 sensingelementsareplacedsyrnmetricallyonoppositesidesofthecenterhnebetween 

wigs, In tins onentation the differential response is parallel to the scan dtrection for 
the sensing array. 
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This combination of both differential and absolute sensing elements within the 
same footprint of a meandering primary winding is novel and provides new imaging 
capabilities. The differential elements are sensitive to slight variations in the material 
properties or proximity while the absolute elements provide the base properties and are 
5 less sensitive to small property variations. In one embodiment, the raw differential 
sensor measurements can be combined with one, some or all of the raw absolute 
measurements to provide another method for creating a two-dimensional mapping of the 
absolute material properties (including layer thicknesses, dimensions of an object being 
imaged, and/or other properties) and proximity. In another embodiment, the property 

10 and proximity information obtained from the absolute measurements can be used as 
inputs for models that relate the differential response to absolute property variations. 

FIG 34 shows an expanded view of an alternative method for connecting to an 
absolute sensing element 304. Electrical connections to the sensing loop are made 
through the leads 310, which are offset from the centerline 314 between adjacent 

15 conductors for the primary winding 302. A second set of leads 316 are offset the same 
distance from the centerline on the other side of the centerline and connected together to 
form a flux linking loop with conductor 318. The connection leads 310 to the sensing 
element are then connected to the second set of leads 316 in a differential format to so 
that the flux linked by the second set of leads essentially subtracts from the flux linked 

20 by the leads to the sensing element. This is particularly useful when the sensing 

elements are made relatively small to provide a high spatial resolution and the flux (or 
area) linked by the loop created by the connection leads becomes comparable to the flux 
(or area) of the sensing element. The distance 312 between the cross-connection 318 on 
the second set of leads and the sensing element should be minimized to ensure that the 

25 flux linked by the connection leads is nearly completely canceled. Dummy elements 
can also be used, as illustrated in FIG 31, to help maintain the periodicity of the 
conductors. 

One of the issues with planar eddy-current sensors is the placement of the 
current return for the primary winding. Often the ends of the primary winding are 
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spatially distant from one another, which creates an extraneous and large inductive loop 
that can influence the measurements. One embodiment for a layout for a primary 
winding that reduces the effect of this inductive loop is shown in FIG 35. The primary 
winding is segmented with the width of each segment 150 determining the spatial 

5 wavelength X. The segments of the primary winding are connected to bond pads 1 54 
through leads 152, where the leads are brought close together to minimize the creation 
of stray magnetic fields. After wrapping the leads and bond pads behind the face of the 
primary winding, the individual segments are then connected together in series. The 
arrows then indicate the instantaneous current direction. The space behind the sensor 

1 0 array can be filled with rigid insulators, foam, ferrites, or some combination of the 
above. This three-dimensional layout for the sensor effectively creates a meandering 
winding pattern for the primary with effectively twice the current in the extended 
portions of each segment and moves the large inductive loop for the primary winding 
connections far from the sensing region. The sensing elements 156 and dummy 

1 5 elements 1 58 are then placed in another layer over the primary winding. This design 
can also be applied to the tapered MWM array format of FIG 30, where the primary 
windings become trapezoidal loops. 

Grid measurement methods can also be applied to multi-layer sensor constructs. 
For example, FIG 36 shows a measurement grid for the two layer MWM sensor of FIGS 

20 38a and 38b. This measurement grid provides a database of the sensor response (the 
transimpedance between the secondary winding voltage and the primary winding 
current) to variations in two parameters to be determined. In FIG 36, these parameters 
are the lift-off and the test material conductivity. The sensor response values are 
typically created with a model which iterates each parameter value over the range of 

25 interest to calculate the sensor response, but in circumstances where extensive reference 
parts are available which span the property variations of interest, empirical responses 
can be used to create the grids. After measuring the sensor response on a test material, 
the parameter values are determined by interpolating between the lines on the 
measurement grid. 


1884.1020-006 


-40- 


An alternative method of making connections to the various components of the 
primary winding elements is shown in FIG 37. In this case, the cross-connections 180 
between the various segments of the primary winding reduces the number of bond pad 
connections 154 for the primary windings. This greatly simplifies the electrical 
5 connections to the sensor as only four bond pads are required, independent of the 

number of meanders in the footprint of the sensor. The same concept can be applied for 
the secondary elements, as the connections 182 indicate. This is useful whenever a 
combination of secondary elements is desired or independent connections to each of the 
secondary elements is not required. FIGS 38a and 38b illustrate another example of the 
1 0 "split" primary winding design. Dummy elements 1 32 near the ends of the sensing 
elements are also included in this case. Furthermore, the dummy elements 158 are 
extended along almost the entire length of the primary winding loops in order to 
maintain the design symmetry. 

An embodiment of an MWM- Array with multiple sensing elements is shown in 
15 FIG 39. The primary winding meanders 230 have connections similar to the primary 
shown in FIGS 38a and 38b. Secondary element connections 232 are made to groups of 
secondary elements 236 that span different regions of the primary winding structure so 
that scanning of the array over an MUT in a direction parallel to the meanders of the 
primary provide measurements of spatially distinct areas. Dummy elements 234 and 
20 23 8 help minimize parasitic coupling between the primary and secondary elements to 
improve air calibrations. 

Another embodiment for a layout of the planar primary winding reduces the 
effect of the primary winding inductive loop as illustrated in FIG 40. The sensing 
windings 172 with dummy elements 170 are sandwiched between a meandering 
25 winding 1 62 in the first layer and a second meandering winding 1 68 in the third layer, 
with electrical insulation between each layer. Vias 164 between the first and third 
layers provide an electrical connection between the meanders. The connections to the 
primary are made at the bond pads such as 160. When stacked together, the current in 
the primary winding is effectively twice the current of a single layer primary winding. 
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It is also possible to calibrate and verify the integrity of the surface mounted 
MWM-Arrays by utilizing the accurately modeled and reproducible array geometry and 
measurement grids so that extensive sets of reference parts are not required. An initial 
"air" calibration is performed prior to mounting on the surface. This involves taking a 
5 measurement in air, for each array element, and then storing the calibration information 
(e.g., in a computer) for later reference after mounting the sensors. After the sensor has 
been mounted to a surface, the instrument and probe electronics can be calibrated by 
connecting to a duplicate sensor so that an air calibration can be performed. After 
connecting the surface mounted sensor to the instrumentation, the sensor operation and 
10 calibration can be verified by measuring the lift-off at each element. The sensor is not 
operating properly if the lift-off readings are too high, which may result from the sensor 
being detached from the surface, or if the measurement points no longer fall on a 
measurement grid, which generally corresponds to a lack of continuity for one of the 
windings. A final verification involves comparing baseline measurements to other 
15 measurement locations that are not expected to have fatigue damage or cracks. This 
reference comparison can verify sensor operation and may assist in compensating for 
noise variables such as temperature drift. This may involve using elements of the array 
that are distant from the areas of high stress concentration. 

The electrical conductivity of many test materials is also temperature dependent. 
20 This temperature dependence is usually a noise factor that requires a correction to the 
data. For example, FIG 41 shows a representative set of conductivity measurements 
from the elements of the MWM-Array of FIG 8 inserted inside a hole in a fatigue test 
coupon as the coupon temperature is varied and monitored with a thermocouple. The 
MWM was designed to be insensitive to variations in its own temperature, as described 
25 in U.S. Patent Nos. 5,453,689 and 5,793,206 and U.S. Patent Application No. 

09/182,693. The temperature of the component can be changed in a variety of ways: 
with the ambient conditions in the room, with the mechanical loading as the component 
is fatigued, by grasping it with a hand, and by blowing a hot or cold air jet across it. 
FIG 41 shows that the conductivity has an essentially linear temperature dependence, 
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over this range of temperatures, so that conductivity measured by each element can be 
corrected for temperature drift. 

Thermally induced changes in the electrical conductivity also provide a 
mechanism for testing the integrity of the sensor. Heating the test material locally, in 
5 the vicinity of the MWM-Array should only lead to a change in conductivity, not 
lift-off, when the array is compressed against the part. Monitoring the conductivity 
changes with temperature, without significant lift-off changes then verifies the 
calibration of the sensor and also that the sensor elements themselves are intact. 

Another component of the life extension program for aircraft is the rapid and 
10 cost-effective inspection of engine components such as the slots of gas turbine disks and 
spools. Cracks often form in regions of fretting damage. The fretting damage often 
leads to false positive crack detections with conventional eddy-current sensors, which 
severely limits the usefulness of conventional eddy-current sensors in this inspection. 
For a number of disks/spools, ultrasonic (UT) inspection is the current standard 
15 inspection method. The current UT threshold for "reliable" detection of cracks in 

fretting damage regions is thought to be between 0.150 and 0.250 inches but there is an 
ongoing need to reliably detect smaller cracks, possibly as small as 0.060 to 0.080 
inches in length. The JENTEK GridStation( System with the conformable MWM 
eddy-current sensor and grid measurement methods offers the capability to detect these 
20 small cracks in fretting regions, while eliminating the need for crack calibration 
standards other than to verify performance. Calibration can be performed with the 
sensor in the middle of any slot on the engine disk. A scan of this slot is then performed 
first to verify that no crack existed at the calibration location. Then all slots on a disk 
are inspected without recalibration. 
25 For the inspection of nonmagnetic disks, such as titanium disks, absolute 

electrical conductivity and proximity (lift-off) measurements can be performed with 
MWM sensors. When a crack within a slot is encountered, it manifests itself by a 
distinct and repeatable drop in conductivity. FIGS 42a and 42b shows an example of 
repeated inspections on the same slots for a Stage 2 fan disk. No calibration standards 


1884.1020-006 


-43- 


were used to perform these inspections. At the start of the inspection, a selected area 
within a single slot (near the middle) was used for reference calibration and was the 
only calibration required for the inspection of all of the slots. The inspection conned 
of scanning each slot with the MWM probe along the entire length to within 
5 approximately 0.08 inches from the edge. These scans can be performed in an 

incremental mode, where the sensor positioned is moved in increments of 1 to 2 mm, or 
in a continuous mode, where a position encoder automatically records the sensor 
position as the sensor is moved along the slot. 

FIG 43 shows the results of the slot inspection in all 46 slots, with some slots 
10 showing the characteristic decrease in conductivity associated with a crack. Both FIGS 
42a, 42b, and 43 present the absolute electrical conductivity without any normalization. 
The data from FIG 43 after normalization to account for edge effects are given in FIG 
44. The slots that contained a distinct conductivity decrease and indicate the presence 
of a crack are marked in the legend for each plot. The arrows mark the slots where the 
15 UT inspection reported reject indications; the slots where the MWM detected cracks 
while the UT indications were below the reject threshold of 30% are encircled. In 
addition to conductivity vs slot location information, the grid measurement methods 
provide lift-off vs slot location information. The lift-off data appear to indicate the 
extent and relative severity of fretting. 
20 Table 1 compares the findings of the MWM inspections with the UT inspection. 

The UT report identified rejected indications (>30%) in nine of the 46 slots (slots # 9, 
10, 11, 13, 22, 34, 35, 36, and 45). The disk slots had regions of fretting damage and, 
according to the UT inspection report, some of the slots contained cracks in the fretting 
damage regions. In contrast, the MWM with Grid methods reliably detected cracks 
25 within fretting damage regions in 14 slots, including all nine slots with rejected UT 
indications and five additional slots (slot #1,8, 14, 23, and 41). For verification, the 
well-known procedure for taking acetate replicas, that provide a "fingerprint" image of 
the surface, was adapted for the characterization of the surface condition within the 
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slots. These replicas confirmed the MWM findings and showed images of cracks in 
fretting damage regions. 
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TABLE1 

Comparison of crack detection by MWM with reported UT indications for an Fl 10 

Stage 2 fan disk. 

, lJT , UT . MWM To^k Length as I Distance from slot 

L> n 0 , Mlinn Verified edge to the nearest 

# Accept Response Detection vermeu *g 

ff r | bvReDlicas | crack tip 

ance 


% 


1 I ,4cce/rt I 23 


Yes (E) 


0.16 in. 


4 I Accept I 20 


10 5 Accept 23 


No (A) 


No (A) 


No (A) 


4.015 in. 


0.045 in. 


0.23 in. 


0.16 in. 


2 I Accept] 20 \ ?(A/ART/ERT) | 0.05 in. 

No cracks I No cracks 


0.26 in. 


(0.20 in. 


6 I Accept I 20 


7 I Accept I 22 


8 I /iccepf I 21 


?(A/ERT) 


9 Reject I 34 


15 10 Re J ect I 116 


11 Reject 52 


No (A) 


12 Accept 9 


Fes 


Yes (E) 


Yes (E) 


Yes (E) 


0.080 


No cracks 


0.16 in. 


0.20 in. 


0.21 in. 


0.22 in. 


No (A) | Possibly <0.015 
in. 


>0.12 in. 


No cracks 


0.32 in. 


0.26 in. 


0.2 in. 


0.28 in. 


0.44 in. 


13 Reject 47 


Yes (E) 


0.28 in. 


0.20 in. 
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14 I Accept I 15 


Yes (E) 


0.13 in. 


0.22 in. 


15 I Accept 


16 I Accept 


10 


No (A) 


Possibly 2 
adjacent cracks 
(combined length 
(0.03 in.) 


10 | ? (A/ART/ERT) \ 0.005 to 0.015 in. 

long intermittent 
cracks over 0.15 


in 


0.22 in. 


0.13 in. 


17 I Accept I 12 


18 I Accept I 8 


19 I Accept 


No (A) 


No (A) 


No cracks 


No cracks 


No (A) I Possibly one 0. 03 
in. crack? 


No cracks 


No cracks 


0.29 in. 


20 I Accept 10 


21 I Accept 10 


22 I Reject I 63 


29 I Accept 


10 23 Accept I 15 


No (A) 


No (A) 


Yes 


Yes 


No cracks 


No cracks 


0.44 in. 


0.19 in 


?No(A) | 0.005 to 0.025 in. 

long intermittent 
cracks over 
0.165 


No cracks 


No cracks 


0.18 in. 


0.16 in. 


0.29 in. 


30 I Accept 


? (A/ART/ERT) \ Two adjacent 
cracks (comb, 
length (0.04 in.) 
plus two 0.05 in. 
cracks 


0.26 in. 
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11 
JJ 


17 

? (A/ ART) 

Possibly 2 
cracks, 0.02 in. 
each, about 0.1 
in. apart 


34 

Reject 

7 TO 

Yes 

(0. 34 in. 

0.25 in. 

35 

Reject 

68 

Yes 

(0. 440 in 

0.16 in 

36 

Reject 

54 

Yes 

Not replicated 

Not replicated 

41 

Accept 

12 

Yes 

0.15 in. 

0.36 in. 

45 

Reject 

41 

Yes 

0.15 in. 

, fnr rpnair/retire decis 

0.21 in. 



ions); ART - accept on 


module. 

10 Additional measurements were also performed to illustrate the use of an encoder 

for determining the position in a slot and sequential thresholds for determining the 
acceptability of a disk slot. A typical set of measurement scan results is illustrated m 
FIG 50. The normalized electrical conductivity, measured with the MWM, is plotted 
against the sensor position, measured with the linear encoder. For each scan, the initial 
15 position of the sensor in the slot is set visually, usually by aligning a "corner" of the 
shuttle with the top surface of the slot. The conductivity is then measured as the shuttle 
is passed through the slot at a reasonably constant rate. The presence of a crack in the 
slot causes a reduction in the electrical conductivity as the sensor approaches the slot 
edge; as the sensor leaves the slot and goes off the edge, the effective electrical 
20 conductivity dips and becomes very large (eventually going off of the measurement 
grid). The measured electrical conductivity is normalized by the average conductivity 
near the center of the slot, prior to reaching the region of interest near the slot edge. 
Typically, the averaging was performed over the 0.8 to 1.3 inch region while the edge of 
the slot was in the 1.7 to 1.9 inch region; based on a limited number of scans, averagmg 
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fiom 0 5 to 1.3 inches does not appear to affect the measurement results. Although the 
cracks in some of the slots extend from the edge into the averaging region, the s,gnal 
obtained from the cracks still fall into the "evaluate" region for the response, as 
described below. The minimum value measured for the normalized electncal 
5 conductivity is used to determine the presence of a crack. 

In these tests the protocol for the acceptance decision for each slot is based on a 
sequential decision process. Two thresholds were used in this process and are denoted 
by the labels Al and A2 in FIG 50. In the decision process, each slot scan ,. compared 
to the two thresholds. Al is the Retest/Evaluate threshold while A2 is the Accept/Re.est 
10 threshold. If the normalized conductivity is above A2, then the decision is ACCEPT 
(e g both Al and A2 pass). If the normalized conductivity is below Al on the nuhal 
scan, the slot is thought to contain a flaw and EVALUATE is the ftnal decision (e.g., 
both Al and A2 do not pass). If the minimum normalized conductivity falls between 
Al and A2 (e.g., Al pass, A2 does not pass), the slot must be retested several Umes. 
15 Then the average of the inspection scans is used to reach a decision on the slot. Now, tf 
the average is be.ow A2, the final decision is EVALUATE upon retest. Otherwise, the 
outcome will be ACCEPT upon retest. In the case a slot is accepted upon retests, a 
supervisor concurrence and signature are required. Thus, for the case of "ACCEPT," no 
further action is required other than making a record. For the case of "RETEST," the 
20 slot has to be re-inspected several times. The Retested slot will then be labeled as etther 
Accept or Evaluate. "EVALUATE" means that the slot is likely to have a sigmficant 
flaw that needs to be evaluated by other methods. 

These thresholds are based on statistics for the disks being measured and the 
training set population. In this case, the threshold level Al was set to provide an 
25 Evaluate deciston for a 0. 16 inch long crack while the threshold level A2 was set to be 
near the minimum in normalized conductivity for a 0.080 inch long crack. As the 
number of disks and slots inspected increases, the threshold levels can be determmed 
with statistical methods based on the probability of detection for a given crack srze. 
Representative threshold levels are Al=0.992 and A2=0.995 
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The minimum in the normalized conductivity for all of the slots on a disk are 
illustrated in FIG 51 . The column bars denote the average values while the error bars 
show the standard deviation of the measurements. The effect of altering the threshold 
levels can be seen. The Al (lower) threshold is typically set so that larger cracks 

5 (greater than 0. 1 inches long) are evaluated after the first scan. The A2 (upper) 
threshold is set to differentiate the smaller cracks from the noise in unflawed slots. 
Again, the error bars denote the variability in the measurements so choosing an A2 
threshold that passes through (or near) the error bars will have an intermediate (i.e., 
between zero and one) probability of detection. Once more cracks have been 

1 0 characterized (e.g., replicated), better statistics can be applied to determining the 
thresholds that should be used for detection of a given crack size. 

FIGS 45a and 45b illustrate the crack length dependence of the minimum in the 
normalized conductivity for the slots of Table 1 which had been replicated. In this case, 
three to 1 1 measurements were performed on each slot. Three different inspectors 

15 inspected each slot. The average and standard deviation for the measurements on each 
slot are illustrated in FIGS 45a and 45b. The vertical error bars represent the standard 
deviations in the measurements between the operators and illustrates the operator 
variability in the measurement results. The horizontal error bars denote the effective 
crack length due to multiple cracks or clusters of cracks greater than 0.005 inches long. 

20 The slot number is given on the right side of each data point. The thresholds indicate 
the evaluate (Al) and retest (A2) levels for the minimum in the normalized 
conductivity. Clearly, adjusting the retest level (A2) slightly will affect the probability 
of detection of the smaller cracks, such as the 0.080" and 0.050" long cracks (slots 6 and 
2, respectively). The minimum detectable crack size depends upon the selection of the 

25 detection thresholds and the variability of the instrument, operators, and other noise 
factors. The detection thresholds set the minimum allowable reduction in the 
normalized conductivity for an acceptable scan. Choosing thresholds beyond the 
measurement "noise" level that minimizes the number of false indications also sets the 
minimum detectable crack size. 
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The use of MWM sensors and Grid measurement methods can also provide a 
more meaningful assessment of weld quality than conventional inspection methods. 
The high cost and complexity of titanium welding are caused by special cleaning and 
shielding procedures to preclude contamination. Quality control of titanium welds 

5 includes, among other things, inspection for contamination. Currently, titanium welds 
are accepted or rejected based on surface color inspection results, even though the 
surface color has not been a reliable indicator of weld contamination level. 

The capability of the MWM to characterize contamination of the welds was 
demonstrated on several test specimens. Autogenous GTA welds were fabricated in six 

1 0 titanium Grade 2 plates with shielding gases that included high purity argon, three 
levels of air contamination, and two levels of CO contamination. The measurements 
were performed in a point-by-point "scanning" mode across each weld so that each scan 
included the titanium, Grade 2 base metal, heat-affected zones on each side of a weld, 
and weld metal. The footprint of the MWM sensor was Vi in. by Vi in. 

1 5 FIG 48 shows an MWM measured electrical conductivity profile across the 

welds obtained at a frequency 400 kHz. All measured conductivity values were 
normalized by the maximum conductivity in the base metal. The dip in conductivity in 
each curve corresponds to the weld metal, whereas the left and right "shoulders" 
correspond to the base metal. In the specimen containing the weld fabricated with pure 

20 argon as the shielding gas, the conductivity of the weld metal is only slightly lower than 
conductivity of the base metal. There is a general trend of conductivity decrease with 
contamination level. This trend is illustrated in FIG 49, for excitation frequencies of 
400 kHz and 1.58 MHz, as air contamination in the shielding gas reduces the 
conductivity of the titanium weld metal. In this plot, the conductivity of weld metal is 

25 normalized by the minimum measured conductivity of weld fabricated in pure argon. 

Periodic field eddy-current sensors can also be used to detect overheat damage 
in gun barrels or other steel components that may be coated with another material or 
uncoated. 
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As an example, measurements were performed on two semi-cylindrical samples 
from a longitudinally sectioned 25-mm gun barrel. The section of this particular gun 
barrel, located between axial positions 8 in. and 24 in. away from the start of the rifling, 
had experienced overheating. Sample 2a (in FIGS 52 and 53) was removed from the 
5 overheated section and from the part of the gun barrel between the 7-in. and 1 6-in. axial 
positions. Sample 5 (in FIGS 52 and 53) is a section of the gun barrel not affected by 
overheating and from the part of the gun barrel between the 41 -in. and 51 -in. axial 
positions. The gun barrels were made of a low-alloy steel, which was heat-treated 
originally to obtain tempered martensite microstructure. In the overheated section, there 
10 was a distinct heat-affected zone around the bore where the resulting ferritic-bainitic 
microstructure suggests the temperatures could have been at least 900 to 1 100(F. The 
inside surface of the gun barrel was plated with electrodeposited chromium where the 
thickness ranged from 0.10 mm to 0.20 mm. 

FIGS 52 and 53 show a representative set of MWM measurements on gun barrel 
1 5 samples. These measurements were performed with a JENTEK GridStation using 
magnetic permeability-lift-off measurement grids at a frequency of 100 kHz. Axial 
scans along the length of the samples were performed with the MWM sensor windings 
oriented both parallel (Orientation #1) and perpendicular (Orientation #2) to the gun 
barrel axis. FIG 52 shows the results of the MWM axial scans in terms of effective 
20 relative magnetic permeability vs axial position (within each sample) along the barrel 
axis. Note that the MWM is most sensitive to permeability in the direction 
perpendicular to its longer winding segments. The data reveal that the longitudinal 
effective permeability measured with Orientation #2 in Sample 5 (not affected by 
overheating) is higher than the transverse permeability measured with Orientation #1, 
25 indicating some anisotropy. The MWM data for Sample 2a show that overheating 
dramatically increased the longitudinal effective permeability measured with 
Orientation #2 in sample 2a compared to the transverse effective permeability, 
measured with Orientation #1. FIG 53 shows the effective permeability is plotted vs 
distance from the start of rifling along the barrel axis. The MWM measured results are 
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shown in solid lines while the dotted lines indicate a possible trend in relative magnetic 
permeability in the region between Sample 2a and Sample 5. 

These measurements indicate that the MWM probe response was characteristic 
of a ferromagnetic material. Note that the low-alloy steel is a ferromagnetic material 

5 whereas the electrodeposited chromium plating is nonmagnetic unless the plating had 
been exposed to high temperatures for sufficiently long time to effect diffusion of iron 
into the deposited plating. At a frequency of 100 kHz, the estimated depth of sensitivity 
in pure chromium is estimated to be approximately 0.5 mm, which is greater than the 
thickness of the electrodeposited chromium plating. As result, the MWM "sees" 

10 beyond the plated layer of chromium and the measurements reflect the effective 
permeability and microstructural conditions of the low-alloy steel. Thus, the unique 
bidirectional permeability measurement capabilities of the MWM provide sensitivity to 
the property changes caused by overheating. For rapid inspections of gun barrels, 
cylindrical probes having MWM sensors in both parallel and perpendicular orientations 

15 can be used so that a single measurement scans provides both measurements of the 

effective permeability. 

Periodic field eddy-current sensors can also be used to detect and quantify the 
depth of subsurface cracks. As an example, consider the measurement illustrated in FIG 
54. In this case, two-frequency conductivity-lift-off measurements were performed on 

20 the back surface of a nickel alloy sample having notches that simulate crack-like flaws 
on the front surface. FIG 54 shows a schematic of the flaw pattern in the sample and the 
MWM measured conductivity scan at two frequencies. A simple ratio of the 
two-frequency absolute conductivity measurements (after passing the raw data through 
the two-unknown measurement grid) provides a robust correlation with distance from 

25 the flaw tip to the back surface. This method can be used to detect and determine depth 
or distance to hidden cracks for both fatigue cracks and, for some components, cracking 

associated with corrosion fatigue. 

While this invention has been particularly shown and described with references 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
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various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 
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